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Error-prone DNA synthesis by retroviral reverse transcriptases (RTs) is a major contributor to variation in
retroviral populations. Structural features of retroviral RTs that are important for accuracy of DNA synthesis
in vivo are not known. To identify structural elements of murine leukemia virus (MLV) RT important for
fidelity in vivo, we developed a D17-based encapsidating cell line (ANGIE P) which is designed to express the
amphotropic MLV envelope. ANGIE P also contains an MLV-based retroviral vector (GA-1) which encodes a
wild-type bacterial 3-galactosidase gene (lacZ) and a neomycin phosphotransferase gene. Transfection of
ANGIE P cells with wild-type or mutated MLV gag-pol expression constructs generated GA-1 virus that was
able to undergo only one cycle of viral replication upon infection of D17 cells. The infected D17 cell clones were
characterized by staining with 5-bromo-4-chloro-3-indolyl-3-p-galactopyranoside (X-Gal), and the frequencies
of inactivating mutations in lacZ were quantified. Three mutations in the YVDD motif (V223M, V223S, and
V223A) and two mutations in the RNase H domain (S526A and R657S) exhibited frequencies of lacZ inacti-
vation 1.2- to 2.3-fold higher than that for the wild-type MLV RT (P < 0.005). Two mutations (V2231 and
Y598V) did not affect the frequency of lacZ inactivation. These results establish a sensitive in vivo assay for
identification of structural determinants important for accuracy of DNA synthesis and indicate that several

structural determinants may have an effect on the in vivo fidelity of MLV RT.

High mutation rates exhibited by retroviruses generate ex-
tensive genetic variation and confer high evolutionary poten-
tial in retrovirus populations (14, 42, 43, 52-54, 62). Variation
in human immunodeficiency virus type 1 (HIV-1) populations
may in turn affect the fitness of the species. For example,
genetic variation in HIV-1 populations has resulted in the
selection of mutations that confer resistance to at least 11
antiretrovirus drugs approved for clinical use and selection of
escape mutants that evade the host immune response (15, 46).
Genetic variation has also thwarted efforts to develop effective
vaccines against HIV-1 (64).

An important mechanism of generating variation in retrovi-
rus populations is the low fidelity of reverse transcriptase (RT)
(42, 43, 52-54). Mutation rates of RTs can be measured in vitro
or in vivo by various assays (5, 42, 43, 53-55). The measure-
ments of fidelity are often altered by the in vitro assay condi-
tions (18, 39, 44). Previously, the in vitro mutation rate of
HIV-1 was estimated to be approximately 20-fold higher than
the in vivo mutation rate (4, 42). In vivo forward mutation
assays for various RTs have been determined and range from
3.4 X 1077 to 4.8 X 10~° mutations/bp/replication cycle (42,
43, 52-54).

Amino acid positions and motifs in RT that may be impor-
tant for the in vivo fidelity of RT are unknown. However,
several studies have identified potential structural determi-
nants that are important for the in vitro fidelity of RT (1-3, 19,
25-27, 35, 37, 45, 50, 51, 56, 57, 60, 66). The YXDD motif is
highly conserved in RTs, and mutations in the motif are asso-
ciated with decreases in enzymatic activity and viral infectivity,
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changes in the positioning of the primer in the template-primer
complex, and resistance to nucleoside analogs (10, 12, 15, 59,
67). In addition, mutations at the methionine of the HIV-1
YMDD motif have been associated with alterations in the in
vitro fidelity of RT (1, 2, 19, 25-27, 50, 51, 66). Mutation of the
HIV-1 YMDD motif to YVDD (M184V) is associated with
high-level resistance to the antiretrovirus drug (—)-2',3'-
dideoxy-3'-thiacytidine (3TC) (9, 20, 63). Several studies have
observed large (up to 45-fold) increases in the in vitro fidelity
of HIV-1 RT containing the M184V mutation (50, 51, 66).
However, another in vitro study using a forward mutation assay
has indicated that the YVDD mutant of HIV-1 RT exhibits
less than a twofold decrease in the mutation rate (19).

The amino acids involved in binding to the substrate de-
oxynucleoside triphosphate (ANTP) may also constitute a fi-
delity determinant of RT (26, 29). Recently, the crystal struc-
ture of HIV-1 RT complexed with the template-primer and the
dTTP substrate shows six amino acids that contact the sub-
strate dTTP (29). Mutations at three of the positions were
associated with alterations in the in vitro fidelity of RT (26, 45).
Another motif, the «H helix of the HIV-1 RT thumb domain,
binds to the minor groove of the template-primer complex and
is associated with alterations in the processivity and fidelity of
RT (3, 6, 30). Mutational analysis of the «H helix of HIV-1 RT
was associated with lower fidelity in vitro, either through an
increase in the rate of RT dissociation from the template DNA
or through an increase in strand slippage resulting in lower
frameshift fidelity (6). Finally, the RNase H domain may in-
fluence the rate of RT processivity and template switching,
which may result in an increase in the rate of deletions, dele-
tions with insertions, and duplications (21, 24, 33, 41).

The differences in the fidelities of HIV-1 RT mutants in
different in vitro assays demonstrate a need for analyzing the
fidelity of RTs during the course of in vivo retrovirus replica-



VoL. 74, 2000

tion. Structural similarities between murine leukemia virus
(MLV) and HIV-1 RTs suggests that understanding the struc-
tural determinants of MLV RT important for fidelity may
provide insights into the fidelity of HIV-1 RT (22, 38). In
addition, a greater understanding of the mechanisms of MLV
RT fidelity may lead to the development of improved MLV-
based vectors and packaging cell lines for gene therapy. In this
study, we have developed an in vivo assay for rapid measure-
ment of the fidelity of wild-type or mutated MLV RTs. This
assay provides a useful tool to identify structural determinants
of MLV RT important for accuracy of DNA synthesis and to
determine the extent to which they influence fidelity in vivo.

MATERIALS AND METHODS

Plasmids and retrovirus vector. The construction of MLV-based retrovirus
vector GA-1 was previously described (34). Plasmids pLGPS and pAMS, which
expressed the MLV gag and pol genes from a truncated MLV long terminal
repeat (LTR) promoter and expressed a replication-competent MLV, respec-
tively, were a kind gift from A. D. Miller (47, 48). Plasmid pSV-A-MLV-env,
which expressed the amphotropic MLV envelope gene from the LTR promoter
and simian virus 40 enhancer, was obtained from the AIDS Research and
Reference Reagents Program (40). Plasmid pBSpac encodes the puromycin
N-acetyltransferase gene and confers resistance to puromycin (65). Plasmid
pSVa3.6 encodes the « subunit of murine Na*,K*-ATPase gene and confers
resistance to ouabain (36).

Generation of MLV RT mutants. Site-directed mutagenesis of pLGPS was
performed by using a Morph kit (5'-3’, Inc.) or Chameleon kit (Stratagene). A
detailed description of the mutagenic oligonucleotides and the strategies used to
identify mutants is available upon request. Briefly, most of the mutagenic oligo-
nucleotides were designed to introduce additional silent mutations and generate
new restriction sites. Restriction digestion analysis was performed to identify
plasmids containing mutations. DNA fragments ranging in size from 479 to 1,230
bp from the plasmids containing mutations were subcloned into pLGPS. The
inserted fragments were analyzed by DNA sequencing to verify the presence of
the desired mutation and the absence of any undesired mutations (ALF auto-
mated sequencer; Pharmacia).

Cells, transfections, and infections. D17 dog osteosarcoma cells were trans-
fected, infected with MLV, and selected for resistance to ouabain or G418 (a
neomycin analog) as previously described (33, 34). The D17 cells were selected
for resistance to puromycin (final concentration, 3.2 X 107® M). The D17-
derived ANGIE P cells were maintained, transfected, and selected for drug
resistance in a similar manner.

Protocol for determination of in vivo fidelity. The ANGIE P cells were plated
at a density of 2 X 10° cells per 60-mm-diameter dish and 24 h later cotransfected
with wild-type or mutated pLGPS and pSVa3.6. The transfected cells were
selected for resistance to ouabain, and the resistant colonies were pooled and
expanded. The ouabain-resistant cells were plated at a density of 5 X 10° cells
per 100-mm-diameter dish; 48 h later, the culture medium containing GA-1 virus
was harvested and used to infect D17 target cells. The infected D17 cells that
were resistant to G418 were stained with 5-bromo-4-chloro-3-indolyl-B-p-galac-
topyranoside (X-Gal), and the frequency of lacZ inactivation was determined by
quantification of lacZ-expressing blue colonies and nonexpressing white colonies.

Virus preparation and RT assay. To isolate and concentrate virus, helper cells
containing different constructs were plated at 5 X 10° cells per 100-mm-diameter
dish. Viruses were collected 2 days later and centrifuged at 25,000 rpm for 90 min
in an SW41 rotor (Beckman) at 4°C. Viral pellets were resuspended in culture
medium or phosphate-buffered saline, and virus was stored at —80°C. Concen-
trated virus was thawed on ice, and the RT activities were determined by mod-
ification of a previously described method (23). Briefly, 20-mer oligo(T) (50
pg/ml; Integrated DNA Technologies), poly(A) (100 pwg/ml; Pharmacia), and 10
wCi of [PH]dTTP (specific activity, 72 Ci/mmol; ICN) were used in the reactions.
The reaction mixtures were precipitated with 10% trichloroacetic acid (Sigma)
and filtered through 0.45-pm-pore-size Metricel membranes (Gelman Sciences,
Inc.), and the incorporated [PH|dTTP was determined with a scintillation
counter.

Western blot analysis. Western blot analyses to quantitate the amount of
protein for the RT assay were performed by standard procedures (58). Briefly,
viral proteins were resolved on a sodium dodecyl sulfate-15% polyacrylamide
gel, transferred to membranes (Gelman Sciences), and incubated with a 1:10
dilution of a rat anti-MLV capsid monoclonal antibody (13). The membranes
were further incubated with anti-rat immunoglobulin G antibody conjugated
with horseradish peroxidase (Southern Biotechnology Associates) at a 1:10,000
dilution. The MLV capsid was detected with an ECL (enhanced chemilumines-
cence) kit (Amersham Pharmacia Biotech) and quantitative autoradiography
using a densitometric program (Optimas).

PCR analysis and characterization of proviral DNA. A total of 161 individual
G418-resistant clones infected with GA-1 were isolated and grown in duplicate
24-well tissue culture dishes. Mutant colonies were identified by staining one
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24-well dish with X-Gal. Eleven mutant cell clones and six wild-type cell clones
were further expanded and lysed, and proviral DNAs were amplified by two
rounds of PCR (28, 58).

Three pairs of forward and reverse primers that annealed to six different
regions in GA-1 were used to amplify three overlapping fragments of lacZ.
DNAs obtained from the first round of PCR were further amplified by a second
round of PCR using nested primer sets (58). PCR products (1,216 to 1,326 bp)
were further analyzed for smaller deletions or insertions by digestions with
various restriction enzymes (BstUI, Haelll, Hhal, Dpnll, Hpall, and NlaIII) and
electrophoresis using 7% polyacrylamide gels or 3% MetaPhor gels (MetaPhor
agarose; FMC).

Southern analysis of proviral DNA. Genomic DNA was isolated from the
ANGIE P encapsidating cell line, and the proviral structure was analyzed by
Southern blot hybridization using standard procedures (16, 58). A 1.2-kb frag-
ment of WH390 containing an internal ribosome entry site (IRES) for expression
of the neomycin phosphotransferase gene (neo) was used to generate a probe
(specific activity, >10” cpm/pg) as previously described (16). Quantitation of
bands was accomplished with the ImageQuant program (Molecular Dynamics).

RESULTS

Construction of ANGIE P encapsidating cell line. The
MLV-based retrovirus vector pGA-1 and the MLV envelope
expression construct pSV-A-MLV-env (Fig. 1A) were intro-
duced into D17 cells to generate the ANGIE P encapsidating
cell line (Fig. 1B). The vector GA-1 possesses all cis-acting
elements needed for viral replication, which include the LTRs,
MLV encapsidation signal (W), primer binding site, and poly-
purine tract. In addition, the vector expresses the Escherichia
coli B-galactosidase gene (lacZ) and neo from a single RNA
transcript initiating in the 5" LTR. An IRES of encephalomyo-
carditis virus is used to express neo (31). The construct pSV-
A-MLV-env expresses the amphotropic MLV envelope.

To construct the ANGIE P encapsidating cell line, pGA-1
was first transfected into the MLV-based packaging cell line
PG13, and G418-resistant cells were selected. Virus harvested
from the pool of transfected PG13 cells was used to infect D17
cells. After selection for G418 resistance, individual D17 cell
clones were isolated and expanded. To ensure that the provirus
in the D17 cell clones expressed a functional lacZ, six cell
clones were stained with X-Gal and clones that stained blue
were selected for further manipulation (data not shown). To
verify that the GA-1 provirus was capable of completing one
cycle of retrovirus replication, the D17 cell clones were trans-
fected with pAMS, a plasmid that encodes a replication-com-
petent MLV. After transfection, the replication-competent vi-
rus was allowed to spread through the culture for 5 to 7 days.
Virus was harvested and used to infect fresh D17 cells. The
presence of cells that stained blue with X-Gal indicated that
the GA-1 provirus was mobilized from the D17 cell clones to
the target cells in the presence of the MLV helper virus (data
not shown).

Next, the pSV-A-MLV env was cotransfected with pBSpac
(a plasmid that confers resistance to puromycin) into a D17
cell clone containing a GA-1 provirus. The transfected cells
were selected for resistance to puromycin, and 12 cell clones
were isolated and expanded. To verify that the cell clones
expressed a functional amphotropic MLV envelope, the cell
clones were cotransfected with pLGPS, which expresses the
MLV Gag and Pol proteins (Fig. 1A) and pSVa3.6 (a plasmid
that confers resistance to ouabain). Ouabain-resistant cells
were selected, and virus produced from them was used to
infect fresh D17 cells. The infected D17 cells were selected for
resistance to G418 and stained with X-Gal (11). The presence
of cells that stained blue with X-Gal indicated that the D17 cell
clones expressed the amphotropic MLV envelope and mobi-
lized the GA-1 provirus to target cells in the presence of MLV
Gag-Pol proteins. All 12 of the D17 cell clones tested for
expression of the amphotropic MLV envelope generated virus
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FIG. 1. Structures of MLV-based constructs and rapid in vivo assay to iden-
tify structural determinants in MLV RT important for fidelity. (A) Structures of
MLV-based vector pGA-1, pLGPS, and pSV-A-MLV-env. The pGA-1 vector
contains LTRs and all cis-acting elements of MLV. pGA-1 transcribes E. coli
lacZ and neo from the LTR promoter. The IRES of encephalomyocarditis virus
is used to express neo. The construct pLGPS expresses MLV gag and pol from a
truncated viral LTR. Finally, pSV-A-MLV-env expresses the amphotropic MLV
envelope from a truncated MLV LTR and the simian virus 40 (SV 40) promoter
enhancer. (B) Experimental protocol. ANGIE P, a D17-based cell line express-
ing pGA-1 and amphotropic MLV envelope, was constructed. The wild-type and
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titers of at least 10* CFU/ml after transfection with pLGPS
(data not shown). One of the 12 clones was chosen and named
the ANGIE P encapsidating cell line (Fig. 1B).

It was also important to show that the ANGIE P encapsi-
dating cell line did not express a replication-competent MLV,
the presence of which could potentially result in multiple
rounds of GA-1 replication. Culture supernatant from the
ANGIE P encapsidating cell line was used to infect fresh D17
cells, which were selected for resistance to G418. No G418-
resistant colonies were observed, indicating that the ANGIE P
encapsidating cell line did not harbor a replication-competent
virus (data not shown). Finally, the ANGIE P cells were plated
at a low density (<100 cells/60-mm-diameter dish) and stained
with X-Gal. The frequency of white cells was approximately 1
per 1,500 cells, indicating that the vast majority of the virus was
produced from cells containing a functional lacZ (data not
shown).

To ensure that the ANGIE P encapsidating cell line con-
tained only one GA-1 provirus, genomic DNA was extracted
from the ANGIE P cells and analyzed by Southern blot hy-
bridization (Fig. 1C). The DNA was digested with either
HindIII or Ncol and hybridized to a probe containing IRES
and neo sequences (Fig. 1A). The HindIII enzyme cuts once in
the GA-1 provirus, and two fragments of various lengths, rep-
resenting 5" and 3’ portions of the provirus and flanking re-
gions, should be generated from each provirus. The presence
of only two detectable fragments after HindIII digestion indi-
cated that only one provirus was present in the ANGIE P cells.
Similarly, the Ncol enzyme cuts once in the GA-1 provirus, and
one fragment representing the 5’ portion of the provirus and
flanking region should be generated from each provirus. The
presence of one fragment after Ncol digestion verified that
only one provirus was present in the ANGIE P cells (Fig. 1C).
Finally, the sequence of the lacZ in ANGIE P cells was deter-
mined by PCR amplification and DNA sequencing of both
strands to ensure that no mutations were present (data not
shown).

Experimental protocol. The MLV RT expression construct
pLGPS was subjected to site-directed mutagenesis, and the
ANGIE P cells were used to identify protein determinants
important to the accuracy of DNA synthesis during reverse
transcription (Fig. 1A and B). First, pLGPS-derived constructs
that contained mutations in the MLV RT were separately
introduced into the ANGIE P cells by cotransfection with
pSVa3.6. Ouabain-resistant colonies were pooled and ex-
panded. Virus was harvested from the pools of transfected
cells; serially diluted viruses were used to infect D17 target
cells. The infected D17 cells were selected for resistance to
G418, and the resulting colonies were stained with X-Gal. The
frequency of lacZ inactivation was determined by dividing the
number of white colonies by the total number of colonies (blue
plus white colonies). In general, the multiplicity of infection
was <0.0005, and the probability of double infection was very
low (<1/2,000 colonies). The frequency of lacZ inactivation
provided a measure of the inactivating mutations introduced
into the lacZ gene during one cycle of retroviral replication,

mutated forms of pLGPS were separately cotransfected (Tf) with pSVa3.6 into
the ANGIE P cell line, and the virus produced was used to infect (Inf) D17 cells.
The infected cell clones resistant to G418 were stained with X-Gal, and the
numbers of blue (wild-type) and white (mutant) colonies were determined. (C)
Southern analysis of the ANGIE P encapsidating cell line. Genomic DNA iso-
lated from ANGIE P cells was digested with either HindIII (lane H) or Ncol
(lane N). The blots were probed with IRES-neo (black bar in panel A) and
quantitated by PhosphorImager analysis.
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TABLE 1. Effects of V223 mutations in the YVDD motif of MLV
RT on the frequency of lacZ inactivation

No.of  FTEAUeNSYy  pejative
of lacZ . .
MLy-RT NO-of - Mutant oy changein - Relative
expts  colonies/total inactivation  viral titer?
. (mean % .
colonies + SE)? of lacZ
+ SE)
Wild type 10 154/2,860 5.2 = 0.48 1.0 1.0
Mutant
V223A 6 207/2,289 8.8 £ 0.45 1.7 0.03
V2231 2 95/1,764 5.3 £0.30 1.0 0.50
V223M 4 182/1,974 9.2 = 0.36 1.8 0.12
V2238 4 200/1,632  12.1 £0.43 2.3 0.01

¢ Number of mutant colonies that displayed a white colony phenotype and
total number of colonies that were observed in 2 to 10 independent experiments.

b Calculated as follows: (number of mutant colonies in each experiment/total
number of colonies) X 100. The standard errors were determined by using the
two-sample ¢ test.

¢ Calculated as follows: frequency of lacZ inactivation observed with mutant
MLV RT/frequency of lacZ inactivation observed with wild-type MLV RT.
Statistical analysis using a two-sample ¢ test showed that the V223M, V2238, and
V223A mutants of MLV RT displayed mutant frequencies significantly higher
than that for wild-type MLV RT (P < 0.001). The mutant frequency obtained
with the V2231 mutant of MLV RT was not significantly different from that for
wild-type MLV RT (P = 0.71).

4 Virus titer for each experimental group was determined by serial dilutions
and infections. The average virus titer obtained with wild-type MLV RT was
4.4 x 10* CFU/ml. The relative virus titer represents a ratio of the virus titer of
mutant MLV RT obtained in each experiment divided by the virus titer obtained
with wild-type MLV RT in parallel experiments.

which constituted the transfer of genetic information from the
GA-1 provirus in the ANGIE P cells to the GA-1 provirus in
the D17 target cells. Using this assay, we determined the effect
of introducing mutations in the MLV RT on the fidelity of
DNA synthesis. In addition, the virus titers obtained after
transfections of wild-type or mutated pLGPS constructs were
used to determine the effects of mutations on the efficiency of
virus replication.

Effects of mutations at the V223 position of the MLV YVDD
motif on fidelity. The V223 of MLV RT was mutated to an
alanine (V223A), isoleucine (V223I), methionine (V223M), or
serine (V223S), and the effects of these mutations on the
frequency of lacZ inactivation were determined. The frequen-
cies of lacZ inactivation with each mutant RT were compared
to the frequency of inactivation obtained with wild-type RT in
parallel experiments (Table 1).

The wild-type pLGPS construct inactivated lacZ at an aver-
age frequency of 5.2% in one cycle of retrovirus replication.
The frequencies of lacZ inactivation obtained in 10 indepen-
dent experiments were highly reproducible (standard error,
+0.48%). The V223A, V223M, and V223S mutants exhibited
1.7-, 1.8-, and 2.3-fold-higher frequencies of lacZ inactivation,
respectively, compared to the wild type. The observed frequen-
cies of lacZ inactivation with the mutants were shown to be
statistically different from the wild-type frequency (P < 0.001).
Conversely, the V2231 mutant showed no change in the fre-
quency of lacZ inactivation (5.3% = 0.30%). All mutants dis-
played decreases in viral titers ranging from 2- to 100-fold
relative to the wild type (4.4 X 10* CFU/ml) (Table 1 and Fig.
2C). In addition, there was no correlation between reduction in
viral titer and fidelity.

Mutational analysis of the MLV RT RNase H domain. Mu-
tations S526A, Y598V, and R657S were introduced into the
MLV RNase H domain, and the effects of these mutations on
the frequency of lacZ inactivation were determined (Table 2).
These mutations were selected because it was previously shown

FIDELITY DETERMINANTS OF MLV REVERSE TRANSCRIPTASE 315

A.

EH
=

V223A
V2231
Vv223M
v223s

CA P i e - -

120
,, 100 H .
D
80
g
o 60
240
[ 3]
% 20 I_L‘
*® 0 = )
E s naogge 2
REEEEE
§ 8888 % 2
C.
120
100 { —
~
8 80
-
B 60
(]
g 40
-
oLl 110
E&RhE8 &R 2
ETEEEEE
> b > > oMM

FIG. 2. Comparison of RT activities and viral titers. (A) Representative
Western blot analysis of the wild-type (WT) and V223 mutants used to normalize
the amount of viral proteins used in the RT assays. CA, capsid protein. (B) RT
activity for virion-associated RT. The activities shown are relative to the RT
activity determined for the wild-type MLV RT (set to 100%). The results rep-
resent an average of two to three experiments; the error bars represent the
standard error of the mean. (C) Summary of virus titers obtained relative to the
wild-type viral titer (set to 100%). The results represent an average of 2 to 10
experiments, and the error bars represent the standard error of the mean.

that they did not affect the polymerase activity and permitted
viral replication to occur (7, 8). Again, the wild-type RT dis-
played a 5.2% = 0.30% frequency of lacZ inactivation. Mu-
tants R657S and S526A exhibited frequencies of lacZ inacti-
vation that were increased 1.2- and 1.4-fold, respectively (P <
0.005). In contrast, the Y598V mutant did not exhibit a change
in the frequency of lacZ inactivation (5.4% * 0.39%; P =
0.81). Finally, all three RNase H domain mutants exhibited a
2.5- or 5-fold decrease in the viral titer relative to the wild type
(1.2 X 10° CFU/ml) (Table 2 and Fig. 2C). Once again, there
was no correlation between reduction in viral titer and fidelity.
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TABLE 2. Effects of mutations in the RNase H domain of MLV
RT on the frequency of lacZ inactivation

Frequency

No. of of lacZ Relative
MLy R No-of mutant o FlPE | changein  Relative
expts  colonies/total inactivation  viral titer?
. (mean % .
colonies' 5 of lacZ
+ SE)
Wild type 9 473/8,023 5.2 %=0.30 1.0 1.0
Mutant
S526A 5 429/5,039 8.4 = 0.33 1.6 0.25
Y598V 4 181/3,534 5.4 = 0.39 1.0 0.40
R657S 5 344/4,754 7.1 £0.14 1.4 0.21

“ Number of mutant colonies that displayed a white colony phenotype and
total number of colonies that were observed in four to nine independent exper-
iments.

® Calculated as for Table 1.

¢ Calculated as for Table 1. Statistical analysis using a two-sample ¢ test showed
that the S526A and R657S mutants of MLV RT displayed mutant frequencies
significantly higher than that for wild-type MLV RT (P < 0.005). The mutant
frequency obtained with the Y598V mutant of MLV RT was not significantly
different from that for the wild-type MLV RT (P = 0.81).

4 Virus titer for each experimental group was determined by serial dilutions
and infections. The average virus titer obtained with wild-type MLV RT was
1.2 X 10° CFU/ml. The relative virus titer represents a ratio of the virus titer of
mutant MLV RT obtained in each experiment divided by the virus titer obtained
with wild-type MLV RT in parallel experiments.

RT activities of mutant RTs. Viruses produced from the
wild-type and mutant RTs were harvested by ultracentrifuga-
tion and characterized by Western blotting analysis using an
anti-MLV capsid antibody (13). The Western blots were quan-
tified to estimate the amounts of MLV capsid protein present
in the viral preparations. A representative blot is shown in Fig.
2A. The estimated amounts of capsid protein were used to
ensure that equivalent amounts of viral proteins were used for
determination of RT activities (Fig. 2B). The RT activities
ranged from 5% * 1% for the V223A mutant to 93% * 1% for
the S526A mutant relative to the wild-type enzyme. As ex-
pected, all of the RNase H domain mutants exhibited RT
activities that were comparable to the wild-type RT activity.
With the exception of the V2231 mutant, all reductions in RT
activities were significantly different from the wild-type level
(P < 0.005).

The RT activities were compared to the relative reductions
in viral titers observed (Fig. 2C). In general, the reductions in
RT activities were proportional to the reductions in viral titers
observed for the V223 mutants. As expected, the RNase H
mutants exhibited higher RT activities than most of the V223
mutants at the polymerase active site. In general, the RNase H
mutants displayed a greater reduction in viral titer relative to
RT activities, suggesting that other steps in the reverse tran-
scription process were affected by mutations introduced in the
RNase H domain.

Analysis of lacZ-inactivating mutations. To determine the
nature of mutations introduced into the lacZ gene by the
wild-type or mutant RTs, 161 infected G418-resistant cell
clones were isolated from infections performed with the wild-
type RT as well as the V223A, V223M, and Y598V mutants.
X-Gal staining of the clones indicated that 11 of 161 cell clones
exhibited a white colony phenotype. One mutant clone was
derived from infection with the wild-type RT, three were de-
rived from infection with the V223A mutant, three were de-
rived from infection with the Y598V mutant, and four were
derived from infection with the V223M mutant. The lacZ se-
quences from these 11 white colonies was amplified by two
rounds of PCR using six different sets of primers. As a result,
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FIG. 3. PCR analysis of lacZ mutations in proviral DNAs of infected cell
clones. (A) Structure of lacZ and approximate locations of the overlapping
PCR-amplified products. The approximate locations of 5’, middle, and 3’ frag-
ments generated during PCR amplification of lacZ are shown. (B) Representa-
tive restriction digestion analysis of PCR products obtained from infected cell
clone 6W. The 5’ and 3’ fragments were digested with BstUI (B), Haelll (Ha),
and Hhal (Hh); the middle fragment was digested with DpnII (D), Hpall (Hp),
and NlaIII (N). Odd-numbered lanes represent PCR products from a cell clone
containing wild-type lacZ; even-numbered lanes represent PCR products derived
from cell clone 6W containing an inactivated lacZ. (C) lacZ-inactivating muta-
tions in infected cell clones 1W (nucleotides [nt] 3330 to 3343), 2W (nt 3666 to
3680), and 3W (nt 4085 to 4099). Inactivating mutations are shown in bold type.
A +1 frameshift mutation in a run of six A nucleotides (+A) and a substitution
mutation (C to T; labeled T) are shown.

2W

4099

three overlapping fragments designated the 5', middle, and 3’
portions were generated (Fig. 3A). The PCR products were
approximately 1.2 to 1.3 kb in length. Each of the PCR frag-
ments derived from the 11 cell clones was analyzed by gel
electrophoresis and compared to the fragments obtained from
a cell clone containing a functional lacZ. This analysis indi-
cated that none of the lacZ genes present in the 11 cell clones
were inactivated by large deletions or insertions (>100 bp;
data not shown). The amplified lacZ fragments were digested
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with various restriction enzymes to generate smaller fragments
in an effort to identify shorter deletions or insertions (Fig. 3B).
The 5" and 3’ fragments of the lacZ from infected cell clones
were digested with BstUI, Haelll, and Hhal; the middle por-
tion was digested with Dpnll, Hpall, and Nlalll. DNA frag-
ments that ranged in size from 75 to 863 bp were analyzed by
gel electrophoresis. No differences were observed in any of the
restriction digestions, indicating that the lacZ-inactivating mu-
tations did not involve deletions or insertions that were larger
than 20 bp (based on the estimated resolution of the restriction
analysis).

Since no small deletions or insertions could be observed,
both strands of the PCR products derived from three cell
clones were sequenced to ensure the accuracy of the sequenc-
ing analysis. These three cell clones that displayed a white
colony phenotype were derived from an infection with the
V223A mutant of MLV RT. The sequencing analysis indicated
that two mutants contained a +1 frameshift in runs of six
adenosine nucleotides present at different locations in the lacZ
gene. One mutant contained a C-to-T transition, which re-
sulted in the generation of a termination codon. These muta-
tions were not the result of errors occurring during the PCRs,
since they were identified in independent PCRs (data not
shown). These results verified that the white colony phenotype
was indeed generated by introduction of mutations in lacZ. In
addition, different types of mutations could be identified in this
assay (Fig. 3C).

DISCUSSION

This study provides a rapid, accurate, and highly reproduc-
ible in vivo assay for identification of MLV RT structural
determinants important for fidelity. The in vivo assay described
here is rapid compared to the previously described in vivo
assays involving shuttle vectors because the mutant frequencies
can be determined immediately after the infected cell clones
are obtained (42, 43, 53, 54). This assay is also more sensitive
and accurate than the previously described in vivo assay utiliz-
ing the herpesvirus thymidine kinase reporter gene because it
is not necessary to compare viral titers after two different drug
selection procedures (52). Due to the large size of the lacZ
reporter gene, a high mutant frequency is obtained and a large
number of mutants can be identified. The high mutant fre-
quency increases the utility of the assay because the accuracy of
RT mutants with low viral titers can be easily determined. In
addition, mutations that increase the accuracy of DNA synthe-
sis can also be identified. One limitation of this in vivo assay is
that RT mutants with extremely low fidelities may generate
highly mutated viruses that cannot confer resistance to G418
and therefore cannot be analyzed.

The results of these studies indicate that mutations at the
V223 position of the MLV RT have a statistically significant
effect on the in vivo fidelity of RT. These results are consistent
with the in vitro forward mutation assays performed with the
YVDD mutant of HIV-1 RT (19). For both MLV and HIV-1
RTs, the YVDD motif appears to be approximately twofold
more accurate than the YMDD motif. It is possible that even
though the overall mutation rate is altered only twofold, the
rate of a specific type of mutation is altered to a greater extent.
For example, a 10-fold increase in the rate of 1 of the 12
possible substitutions may have a less than twofold effect on
the overall mutation rate.

The effect of a twofold alteration in the retrovirus mutation
rate on variation in viral populations is undetermined. A model
was previously proposed to ascertain the relative impact of
mutation rates and selective forces on viral populations (14).
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Based on the model, it was hypothesized that in a large viral
population with a high replicative capacity, small changes in
the selective forces will have a greater impact on the viral
variants present than large changes in mutation rates. Whether
small changes in the mutation rate affect viral evolution will be
dependent on the size of the viral population and its growth
potential. In this regard, it is significant that the rate of devel-
opment of drug-resistant variants in cell culture was the same
for the YMDD and YVDD variants of HIV-1 (32, 49). These
observations, along with our observation that the YVDD vari-
ant is only twofold more accurate than the YMDD variant,
suggests that twofold alterations in RT fidelity are unlikely to
have an effect on the rate of viral evolution.

It is of interest to consider the structural features of the
YMDD and YVDD variants and how these features may be
related to the statistically significant alterations in fidelity. It
has been postulated that the X residue of the YXDD motif
may contact the primer and is important for affinity to the
template-primer as well as its positioning relative to the cata-
Iytic site (10, 17, 59). Repositioning of the template-primer by
the YMDD variant may alter flexibility of the dNTP binding
pocket, ultimately leading to changes in fidelity (27). In addi-
tion, molecular modeling studies have predicted an increased
fidelity of YVDD and YIDD variants due to new contacts with
the incoming dNTP substrate that are absent from the YMDD
variants (29, 51). Therefore, the hydrophobicity and the size of
the amino acid side chain at the V223 position may be impor-
tant for the catalytic function and fidelity of RT. It is interest-
ing that two of the three mutations generated with the V223A
mutant RT were +1 frameshifts. Frameshifts account for ap-
proximately 10% of all mutations (42, 54), and this limited
analysis suggests that the V223 A mutation may affect the tem-
plate-primer affinity and frameshift fidelity, which is consistent
with previous observations (10).

The observation that the V223A mutant exhibits a severe
reduction in the polymerase activity whereas the V2231 mutant
has little effect on the polymerase activity is consistent with
previously published results obtained with HIV-1 RT (10).
Also, the viral titers were consistently reduced to a greater
extent than the observed decreases in polymerase activities,
suggesting that additional steps during reverse transcription
may also be affected by the mutations.

The RNase H mutants S526A and R657S exhibited small but
statistically significant alterations in fidelity. As expected, the
mutations had little effect on the polymerase activity (8). The
changes in fidelity of these mutants may be due to altered
processivity of RT, interactions of the RT with the template-
primer complex, or the overall structure of the RT (24, 61).
The reductions in viral titers associated with these mutants
may be due to a reduced efficiency of strand transfer events
during reverse transcription (21, 41).

The assay described here may be used to determine the roles
of various RT domains, including the dNTP binding site and
the thumb domain, in the fidelity of reverse transcription. The
importance of other viral proteins to the fidelity of reverse
transcription may also be easily determined. Finally, a similar
strategy may be used to analyze the effects of mutations in RT
on the frequencies of specific types of mutations.
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